A large scale testing program was conducted to determine the effects of shape memory alloy (SMA) restrainer cables on the seismic performance of in-span hinges of a representative multiple-frame concrete box girder bridge subjected to earthquake excitations. Another objective of the study was to compare the performance of SMA restrainers to that of traditional steel restrainers as restraining devices for reducing hinge displacement and the likelihood of collapse during earthquakes. The results of the tests show that SMA restrainers performed very well as restraining devices. The forces in the SMA and steel restrainers were comparable. However, the SMA restrainer cables had minimal residual strain after repeated loading and exhibited the ability to undergo many cycles with little strength and stiffness degradation. In addition, the hysteretic damping that was observed in the larger ground accelerations demonstrated the ability of the materials to dissipate energy. An analytical study was conducted to assess the anticipated seismic response of the test setup and evaluate the accuracy of the analytical model. The results of the analytical simulation illustrate that the analytical model was able to match the responses from the experimental tests, including peak stresses, strains, forces, and hinge openings.
Introduction
During earthquake events, bridges are susceptible to unseating and collapse due to excessive longitudinal motion at in-span hinges or supports. Such damage to bridges can cause significant disruptions to the transportation network, posing a threat to emergency response and recovery as well as resulting in severe direct and indirect economic losses for a region. Bridges may be retrofitted, or rehabilitated, in order to overcome their seismic vulnerabilities. This paper examines a new approach for bridge retrofit using nitinol shape memory alloys to limit the susceptibility to bridge collapse and improve the seismic response of bridges. in-span hinge of the I-5/Highway 14 interchange during the 1994 Northridge earthquake (NISEE 1997) . Such unseating typically occurs when adjacent bridge frames displace outof-phase. Hence, retrofits that target improving performance typically include response modification devices or restraining elements placed between adjacent frames to reduce the potential for unseating.
Following the 1971 San Fernando earthquake, the California Department of Transportation (Caltrans) implemented a state-wide bridge retrofit program to systematically address the deficiencies of existing structures, including potential span unseating (Caltrans 2003) . Other states such as Washington, Oregon, and Tennessee have established similar programs to install restrainer cables on bridges with short seat widths. There are a number of potential unseating prevention devices which have been examined by previous researchers or are now used in practice to prevent unseating (Saiidi et al 2001 , Hipley 1997 , DesRoches and Fenves 2000 , Keady et al 2000 . However, some of the limitations of traditional approaches have been highlighted (Andrawes and DesRoches 2005) . For example, traditional steel restrainer cables can transfer large forces to adjacent bridge components, or upon yielding may accumulate plastic deformations in repeated loading cycles (DesRoches and Muthukumar 2002) . This can ultimately result in large hinge openings and subsequent span unseating, such as seen in the 1999 Chi-Chi and 1994 Northridge earthquakes when bridges retrofit with restrainer cables collapsed ( figure 1(b) ). The challenge of reducing the potential for deck collapse due to excessive longitudinal movement continues to be an issue faced by designers. A new bridge retrofit device capitalizing on the unique properties of shape memory alloys (SMAs) may overcome some of the limitations of traditional devices.
Shape memory alloys
Several past researchers have indicated the unique properties of shape memory alloys (SMAs) which may be beneficial for applications in the field of earthquake engineering (Aiken et al 1993 , Dolce et al 2000 , Dolce and Cardone 2001 , Baratta and Corbi 2002 , Han et al 2003 , DesRoches et al 2004 , Saiidi and Wang 2006 , Dolce and Cardone 2006 , Choi et al 2006 . Characteristics of superelastic SMAs desirable for seismic applications include their hysteretic damping, excellent lowand high-cycle fatigue properties, strain hardening at large strains, and the formation of a stress-plateau limiting force transmission. One of the defining qualities of superelastic SMAs that is particularly attractive for seismic design and retrofit is the recentering capability, or the ability to return to their original undeformed shape upon returning to a state of zero stress after loading. In addition, hysteretic damping is associated with the energy requirements in the austenitemartensite phase transition in stressed SMA.
Previous work has focused on the optimization of SMA properties for use in seismic applications (DesRoches et al 2004 , illustrating that with proper heat treatment, nearly ideal superelastic properties can be obtained for both wires and bars. Andrawes and DesRoches (2005) identified key characteristics of nitinol SMAs that are conducive to restraint of bridge decks, and analytically evaluated the use of superelastic nitinol SMA restrainer cables placed at in-span hinges of multi-frame bridges. They found that the devices were highly effective in reducing hinge opening between adjacent frames. A subsequent analytical study compared their performance to other retrofit measures (steel restrainers or metallic dampers), concluding that the SMA restrainers had a similar impact on column drifts but were superior in reducing hinge openings for multi-frame box girder bridges (Andrawes and DesRoches 2007b) .
While the use of shape memory alloy restrainer cables has been proposed as a potential seismic retrofit approach for bridges, their viability had not been validated through experimental testing. This study presents the experimental findings of large scale testing of shape memory alloy devices for seismic bridge retrofit.
A series of tests were conducted at the University of Nevada Reno's (UNR) Large Scale Structures Laboratory to determine the effect of SMA restrainers on the seismic performance of in-span hinges using a representative multipleframe concrete box girder bridge. Additionally, the results are compared to data from a previous study conducted at UNR to assess the bridge structure response using traditional steel restrainer cables (Sanchez-Camargo et al 2004) . An analytical evaluation of the representative frame and SMA system is conducted in order to refine and validate the model against the experimental test data. 
Experimental test setup
This section presents the specimen and test parameters used in this study. The specimen and parameters are the same as those used in the steel restrainer studies previously noted (Sanchez-Camargo et al 2004) , in order to provide a means of comparison between the steel and SMA systems. The most critical scenario from the previous UNR experiments, in which the steel restrainers either had significant displacements, or failed, established the controlling study parameters to use in the SMA restrainer experiments. These parameters helped provide the criteria for the SMA restrainer design and test protocol.
Test specimen
The test specimen, seen in figure 2, was designed and used during the UNR steel restrainer experiments (Vlassis et al 2000 , Sanchez-Camargo et al 2004 to simulate an inspan hinge within a multi-span concrete box girder bridge. Dimensions of the specimen are based on superstructure dimensions of representative Caltrans bridges. The two box girder cells represent adjacent bridge spans at expansion joints. Block A, seen as the right block in figure 2(a) , is the lighter of the concrete cells, with a weight of 92.5 kN; block B, the left block in figure 2(a) with additional lead added, is the heavier cell with a weight of 128.3 kN. A close-up of block B with additional weight is shown in figure 2(b) .
Elastomeric bearing pads, which support the box girder cells and transfer loading from the shake table, simulate the substructure stiffness (figure 2(c)). Block A is supported by bearings with a collective stiffness of 1302 kN m −1 , and block B, the heavier of the frames, by bearings with a collective stiffness of 683 kN m −1 . This resulted in individual frame periods of 0.53 and 0.87 s and a block period ratio of 0.6. Figure 3 shows the system design with the 25 mm gap between blocks, the location of the elastomeric pads, and the cable restrainers located on the outside of the cells. The east side of the test specimen, seen in figure 3(a), shows the heavier of the blocks on the left and the lighter on the right, leading to anticipated out-of-phase motion when excited by the shake table.
A close-up of the SMA restrainer cable is seen in figure 3(b) . The 84-wire SMA restrainers were constructed of eighty four 0.584 mm (0.023 in) diameter wires and the 130-wire SMA restrainers consisted of one hundred thirty 0.584 mm (0.023 inch) diameter wires. All of the wire snubbers were contained within thin walled amber latex tubing for ease of handling, and the loose ends of the wire were tied together using a 180
• bend back and twist with a heat set to hold the ends. The effective length of both the 84 and 130-wire restrainers was 1.16 m. The wire restrainer cables were all made with superelastic nitinol with a composition of • C (−58
The approximate stress loading and unloading plateaus are 503 and 276 MPa, and the elastic modulus is 31.7 GPa. Each set of brackets had a steel strength of 248 MPa and were designed to be bolted through both sides of each frame element. The 84-wire cable had a total cross-sectional area of 22.58 mm 2 (0.035 in 2 ), while the 130-wire cable had a cross-sectional area of 34.84 mm 2 (0.054 in 2 ). The wires of the looped end of the SMA cables, seen in figure 4, were spread over a 19.05 mm diameter steel pin that was part of a yoke system welded to one side of the plates. A piece of leather was placed between the steel pin and cable ends to reduce stress concentrations and prevent cutting action on the wires that could lead to early failure. The larger of the plates held the load cell to measure force in the restrainers. Figure 5 shows the complete instrumentation plan. The experiment was performed on one of the 50-ton capacity biaxial shake tables at UNR. Three linear displacement transducers were placed on the east, west and topside of the hinge section. These three transducers (LWG-225 Novotechnik), seen in figure 5, directly measured the relative displacement at the hinge. Absolute displacement of the blocks was measured with two string potentiometers. These instruments measured the displacement between the specimen and a fixed frame. Accelerometers centrally located on the blocks measured impact accelerations, and a load cell measured the force in the restrainer cables.
Parameters of study
The critical parameters of this study as determined from previous steel restrainer tests are: (a) frame period ratio, (b) restrainer stiffness, (c) restrainer slack, (d) and earthquake input motion. Likeness of all four of these factors was required for comparisons between the responses of SMA cable restrainers and the steel cable restrainers that were previously tested. The following section details each parameter as it is defined for the series of tests conducted on the SMA restrainers.
(a) A frame period ratio of 0.6 between the two adjacent bridge frames was determined to result in large out-of-phase motions. This ratio between the structural periods is taken as the period of the stiffer frame over the period of the more flexible frame. During the Sanchez-Camargo restrainer studies, a frame period ratio of 0.6 between the two adjacent bridge frames had been determined to produce significant restrainer demands. The same physical test specimen and frame period ratio was used in the SMA restrainer tests.
(b) Comparable restrainer stiffness is essential to equate the relative properties of two sets of restrainer systems. Each test set consisted of steel cable restrainers and 'equivalent' SMA cable restrainers with the same effective stiffness as the steel restrainers. In the previous restrainer tests, (3) and (5) cable steel restrainers were tested. The 84-and 130-wire SMA restrainers were equivalent in stiffness to the steel restrainers tested. In the first set, each cable system had stiffness equal to 0.42 kN mm −1 . In the second, each system had stiffness equal to 0.7 kN mm −1 . The stiffness of the restrainers was determined based on geometric properties (length and crosssectional area), elastic modulus, and number of cables used. The 6% strain that was used for the basis of the design stiffness of the restrainers was also used in the calculation of the chord modulus (Johnson et al 2004) .
(c) Restrainer slack is the amount of relative hinge displacement necessary to engage the cables in tension. The testing matrix consisted of two different values of restrainer slack, 12.7 and 0 mm. In the steel restrainer tests, zero slack was used for the restrainer with a stiffness of 0.42 kN mm −1 , while a slack of 12.7 mm was used for the stiffer (0.7 kN mm −1 ) steel cables. These combinations of slack and stiffness were determined to produce the maximum responses in the case of the steel restrainers. As such, these testing parameters were repeated in the experiments for the SMA restrainers. (d) The synthetic earthquake input motion used for the steel restrainer testing was developed based on the Applied Technology Council ATC32-E (soft soil) motion (California Department of Transportation 2001) design spectrum. This motion, ATC32-E, is based on the expected magnitude of the earthquake (6.5), soil type of the site (E or soft soil), and peak ground acceleration (PGA). Previous tests have shown that soil type E produced the largest out of phase motion and resulted in frequent restrainer engagement during shake table testing (Sanchez-Camargo et al 2004) . Five levels of shake table input ground motion with peak ground accelerations between 0.05g and 0.25g were used in the SMA cable testing. An example of the input ground motion scaled to a peak ground acceleration (PGA) of 0.25g is shown in figure 6 .
The loading is applied to the bridge by use of a shake table supporting the test specimen, which simulates the earthquake ground motion. The period difference between the blocks representing results in out-of-phase motion when excited by the shake table, and produces a hinge opening that is targeted for reduction with restrainer cables. The test parameters described above, along with the experimental results, will be discussed in section 3. In total, ten tests were conducted. The series of tests performed with the 84-wire cables had a slack of 0 mm, while the tests with the 130-wire cables had a 12.7 mm slack. These reflect the cases from the steel restrainer testing which proved to have large hinge openings and indicate the need for an improved restraining system. Table 1 shows the peak displacement and maximum forces that were recorded during the shake table tests as well as the calculated stresses and strains. The recorded hinge displacement for the larger SMA cable includes the initial 12.7 mm slack. The first column of the table shows the run number. Case A, B and C are SMA restrainer shake table runs that are directly equivalent to the previous steel restrainer experiments. These runs are used to compare the behavior of the SMA and steel cable restrainers. Consistent with intuition, increasing displacement was recorded as ground acceleration amplitude increased.
Experimental results

SMA restrainers
Figures 7(a)-(c) show the SMA response with incremental increases of ground acceleration of 0.05g. This illustrates the stress-strain relationships for the 84-wire cable for run 3, with a PGA of 0.15g, through run 5, with a PGA of 0.25g. The superelastic effect of this material is evident through repeated deformation cycles with minimal accumulation of residual strain. The typical flag-shaped hysteresis characteristic of the superelastic SMA becomes apparent by run 5 ( figure 7(c) ).
The recentering ability of the SMA is most visible at the larger accelerations. At a maximum PGA of 0.25g, seen in figure 7(c), the stress in the 84-wire cable is approximately 483 MPa and the corresponding strain is approximately 3%. The usable strain range for this material is 6-8%. In figures 7(a) (PGA of 0.15g), a maximum stress of 465 MPa (67.4 ksi) and a corresponding strain of 1.97% were reached. Figure 7 (b) (PGA of 0.2g) shows an opening of the hysteretic loop that is characteristic of the superelastic effect of SMAs. The maximum stress and strain associated with a PGA of 0.2g are 492 MPa and 2.43%, respectively. Due to the large displacement of the elastomeric bearings, and the effectiveness of the SMAs in limiting the relative hinge displacement, a strain of 6% in the SMAs was not achieved during dynamic testing. The largest strain realized for the SMA restrainers during the experiment was 3%, as seen in figure 7(c) (PGA of 0.25g). Even at this strain, the SMA hysteresis that results from its mechanical ability to recover deformation after stress removal is clearly evident in the typical flag shape loop that is synonymous with SMA's superelasticity.
84-versus 130-wires
A comparison of the relative hinge displacement between blocks and total restrainer force for both the 84-wire and 130-wire SMA cables at a PGA of 0.25g is illustrated in figure 8 . The initial slack in the larger restrainer is evidenced by the lack of force transmitted through the cable until a hinge displacement of 12.7 mm is reached. After deducting the initial slack from the relative hinge displacement, the restrainer elongation is 32.5 mm for the 130-wire cable versus 37.2 mm for the smaller 84-wire cable restrainer. At a PGA of 0.25g, the calculated force in the 84-wire SMA restrainer is 11 kN while the calculated force in the 130-wire restrainer is almost 19 kN. Similar to the stress-strain relationship seen in figure 7 , the force-displacement relationship seen in figure 8 reveals the recentering capabilities of SMA to return to its point of origin with minimal residual elongation. The number of wires per cable did not appear to affect the ability of the SMA restrainer to recenter.
SMA versus steel restrainer
As stated earlier, nitinol SMAs possess the desirable properties for seismic resistant design and retrofit of structures. The large elastic strain capacity, hysteretic damping, and the recentering capabilities are evident. In order to evaluate the nitinol restrainers in relation to the past research performed on steel restrainers with comparable stiffness, the test parameters were duplicated.
Block acceleration.
The acceleration history of block B (the soft block) from the SMA experiment was compared to the block B acceleration histories from the previous steel restrainer tests for cases A, B and C. During the seismic loading tests, all three cases produced lower acceleration in the blocks with SMA restrainers compared to those being restrained by steel. In case A, the maximum block B accelerations for the SMA versus steel restrainer shake table tests were 2.7g versus 6.3g, respectively. There were similar results for case B and C. In Case C, the acceleration of Block B was more than 3.5 times larger (11.6g versus 3.2g) when restrained by the steel restrainers than the block acceleration with SMA restraining devices, as shown in figure 9 . The decreased block accelerations seen in the SMA versus steel restrainer experiments is most likely the result of the reduction of displacement and velocity due to the unique recentering properties of the shape memory alloys.
3.3.2.
Hinge opening. Figure 10 shows the forcedisplacement relationships for the SMA restrainer cases A, B, and C and their equivalent cases from the past steel restrainer tests. The restrainer force-displacement relationships seen in figure 10 reveal fairly equivalent steel and SMA restrainer force but a larger relative hinge displacement for the steel restrainers. The data collected during these experiments measuring maximum restrainer force and maximum relative hinge displacement for these three cases is summarized in table 2.
The maximum hinge displacements for steel in case A and B are nearly double that of the SMA restrainers. In case A, the 3-cable steel restrainer has an elongation of 43 mm while the equivalent 84-wire SMA restrainer has an elongation of 23 mm. The maximum hinge displacement for the larger 5-cable steel restrainer and 130-wire SMA restrainer in case B is 61 and 32 mm, respectively. As listed in table 1, case A and B are tested at a peak ground acceleration of 0.15g. Figure 10 figure for case C, there was a restrainer failure in two of the five cables in the steel restrainer resulting in a maximum restrainer displacement three times greater than in the steel cable. The displacement of the steel cable restrainer in case C is 120 mm while that of the SMA cable restrainer is 39 mm. Figure 10 (c) also reveals that while the steel restrainer has failed, the SMA restrainer has only reached yield, beyond which the SMA can undergo large elastic deformation with reversibility. Table 2 shows a comparison of the energy dissipation between the SMA restrainers and steel restrainer cables. It is interesting to note that in most cases, the steel restrainer cables dissipate more energy than the SMA restrainers. In fact, in case C, the steel restrainers dissipate approximately five times as much energy as the SMA restrainers. The energy dissipation in steel cables is a result of yielding in the cable, which also results in large maximum hinge displacements and large permanent (residual) displacements in the cables. The results from this study are consistent with previous studies of SMAs which have shown that their ability to limit hinge opening is due to their recentering capability, rather than their ability to dissipate energy (Andrawes and DesRoches 2007a, 2007b) . In general, SMAs have equivalent viscous damping values which are much 
Energy dissipation.
Analytical evaluation
An analytical study conducted to assess the anticipated seismic response of the test setup and evaluate the analytical models' capability to duplicate the response of the shape memory alloy restrainer cables. The results of the analytical simulation are compared to the experimental results for the in-span hinge of adjacent frames retrofit with large and small SMA cables.
Analytical model of the shape memory alloy restrainer cable
The superelastic behavior of the SMA restrainers is developed using a uniaxial constitutive model, as shown in figure 11 . The model, which is a modification of the model proposed by Auricchio and Saco (1997) , is capable of capturing the material behavior under non-uniform loading typically found in earthquake excitations, where the response is primarily composed of sub-hysteresis loops internal to the main loop associated with the phase transformation. The model formulation relies on the assumption that the relationship between stresses and strains is represented by a series of straight lines whose form is determined by the extent of the transformation experienced. Further assumptions include no strength degradation during cycling (Bernardini and Brancaleoni 1999) , and that the austenite and martensite branches have the same modulus of elasticity. Previous studies have shown that these parameters have little effect on the global response of structural systems, such as the bridge system studied in this paper (Andrawes and DesRoches 2008, 2007b) .
The model works with one scalar internal variable, ξ s , representing the martensite fraction, and with two processes which may produce its variation: the conversion of austenite to martensite and the conversion of martensite to austenite. For both processes, linear kinetic rules are chosen to describe the evolution in time of the martensite fraction. Limiting the discussion to the small deformation regime, we assume the following additive decomposition of the total strain ε:
where ε e is the elastic strain, ε L is the maximum residual strain, and sgn(·) is the sgn function. Finally, the elastic strain is assumed to be linearly related to stress as follows:
where E is the elastic modulus of both the austenite and martensite branch. The modified constitutive model used in this study was implemented in OpenSees by Auricchio et al (2006) . The primary advantages of the model adopted for this study are the robustness and simplicity of implementation, ease in obtaining material parameters from typical uniaxial tests conducted on wires or bars, and the ability to reproduce partial (i.e. sub-loops) and complete transformation patterns (i.e. from fully austenite to fully martensite) in both tension and compression. The model does not account for rate and temperature dependency. However, for the moderate loading rates typically observed during earthquakes, this does not appear to be an important parameter.
Analytical model of the bridge system
A two degrees-of-freedom model is developed in OpenSees (McKenna and Fenves 2005) to capture the out-of-phase motion of the blocks representing the multi-frame concrete bridge. The substructure and frame stiffness for blocks A and B were modeled with elastic springs having a stiffness of 1303 and 683 kN m −1 , respectively, based on the measured collective bearing stiffness. The nodal block masses are 0.787 and 1.09 kg. In addition to 1.5% damping, energy is dissipated during vibration through friction. A hysteretic friction element was placed between the blocks with a yield force of 2.9 kN based on F y = μN, where the coefficient of friction was assumed to be 0.3 and the normal force at overlap was approximated as 7.5% of the block B weight. Impact was modeled between the decks using a bi-linear contact element based on the recommendations by Muthukumar (2003) . The proposed hysteretic model reflects the energy dissipated during pounding. However, a gap of 10 mm was provided between the blocks before the impact element engages based on the test setup and experimental data. The shape memory alloy devices were modeled as described in the section above. Gaps elements represented the initial slack in the cables. The series of tests with 130-wire cables were specified to have 12.7 mm slack and zero slack for the 84-wire runs. A slight additional slack of 2.54 mm was defined in the analytical model to capture the inability to precisely obtain zero gap in the test specimen.
Comparison with experimental results
Run 5 is used to compare the analytical and experimental results for the test setup with 84-wire SMA cables subjected to the ground motion scaled to a peak ground acceleration of 0.25g. The loading is simulated by applying the ground motion as an input acceleration to the base of the modeled structure. Figure 12 shows the stress-strain plot for the dynamic response of the SMA restrainer. The results indicate that the analytical model is able to capture the sub-looping, and the loading and unloading plateau. The peak strain from the analysis is 2.89%, and stress is 471 MPa, which is within 1% of the experimental results. The modeling assumption of zero strain accumulation during cycles reasonably predicts the hysteretic response of the SMA cable recorded in the experiment. Figure 13 shows an experimental versus analytical comparison of the time history response of the hinge opening between the blocks. The experimental plot is the average of the measured opening from the displacement transducers on either side of the in-span hinge. The analytical simulation represents the dynamic response of the in-span hinge reasonably well. The peak hinge openings are 33.8 and 33.9 mm for the experimental and analytical studies, respectively. Table 3 presents a comparison of the peak responses for low (0.15g) and high (0.25g) PGAs, and the small (84-wire) and large (130-wire) cables. The calculated peak strains and hinge openings differ by 1%-22% relative to the experimental results, and the stresses differ by 1%-13%. In general, the model more accurately captures the response at the larger amplitude motions. Inconsistencies between the analytical and experimental response are attributed to some sticking between the blocks as well as slight rotation of the blocks which are not captured by the analytical model. However, the proposed model adequately captures the seismic response of the simplified bridge system retrofit with SMA restrainer cables. The analytical model was used to determine the relative performance of the system before and after retrofit. Using run 5 as an example, the as-built response of the dual-frame system was evaluated at a PGA of 0.25g, in order to estimate the improvement realized by using the shape memory alloy devices. The SMA retrofit was found to reduce the peak hinge openings by 48%. This reveals the considerable benefit of retrofitting the bridge in order to improve the seismic response and limit the potential for unseating at the in-span hinge.
Conclusions
The potential advantages of using nitinol shape memory alloys in the seismic restraint of bridges have been realized and illustrated as a part of this large scale testing and analytical study. The results of the experimental testing have revealed that the SMA restrainers not only served as effective bridge retrofits, but also result in superior performance relative to equivalent traditional steel restrainer systems. Key conclusions from the study are summarized below.
(1) The SMA restrainers were effective in limiting relative hinge displacements compared to steel restrainers. This would reduce the possibility of unseating of frames at the in-span hinge of bridges during a seismic event.
(2) SMA restrainers produced lower block accelerations during earthquake excitation compared to equivalent steel restrainers.
(3) The forces in the SMA and steel restrainers were comparable. However, the SMA cable restrainers had minimal residual strain after repeated loading cycles and exhibited the ability to undergo many cycles of loading with little strength and stiffness degradation. This would negate the need to replace them after a major seismic event unlike traditional steel restrainers.
(4) The proposed analytical model was capable of reasonably predicting and reproducing the dynamic characteristics of the representative multi-frame bridge retrofit with SMA restrainer cables. Peak stresses, strains, forces, and hinge openings were well matched.
(5) Utilizing the analytical model, comparisons between the as-built and retrofitted system could be made, and the results revealed that using SMA restrainer cables reduced the peak hinge openings by nearly 50% for some cases. 
